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i, INTRODUCTION

The objective of this program is to clarify the motecular basis of
electrocatalysis and thereby to provide the necessary scientific framework
for the optimization of fuel cell electrodes. Using electrodes of varied
chemical composition, we have attempted to show whether their catalytic
properties depend primarily upon the intrinsic chemical activity of the
individual surface atoms, or upon the energy srates of the crystal as a
whole. If this distinction can be made, and if quantitative correlations with
the atomic or continuum properties can be established, then the design of
fuel cell electrodes becomes enormouslty simplified.

tHydrogen oxidation and reduction, the reduction of oxygen, and the
oxidation of formic acid, a soluble organic substance, were sclected for
these studies because of their relevance to fuel cell systems and because
of their relative simplicity. The electrodes used range from amalgams
to 111-V semiconducting compounds. The approach is to resolve the over-
all reaction on any given clectrode into the elementary steps of adsorption,
electron transfer, chemical combination of free radicals, etc., and to
determine how the parameters governing the rates of these various steps
are related to the electrode composition and structure. The experimental
studies currently under way are described below.



Il ELEC TROCA TALYSIS BY AMALGAM EELEC T RODIS

Fhe question of whetler the continaum propesnies or the aromic
naturce ol an electrode determines res eleco ocaralyac properties can be
approached directly by usig gmalgam electiodes.  The high overpotential
for 1he hydrogen evolut.on reaction onmercnry makes 1t easy 10 detect the
elfect of catalyue addinives. A cledn, reprodncible surface can be achieved
with hquid amalgams by using a diopping ¢le. »ode thus, tns technique
was adopred m our studies. A detaled analys:- of “he lacrors affecung
hydrogen overvoliage requires measur eiment s of double- layer capacivy,
acnvity coefhcients, remperature dependence ot hydrogen overvolhage,
vork tuncrion, and mrerlacal ension

During s reporr period, the stadies of hydrogen overvolrage and
double layer capacity on immdinm and thallium amalgams have been completed.
Studies of the muerface ~truc-ure mdivm amalgams and elecirolyres, aad the
relation of electromic propernies of the elecirode o *he parameters of the
hydrogen evolution reactven, have been connucd wth studies of interlacial
rension and work funcieon, The 1esulis of some of a2 wor k have been
prescrced in Fechmicat Mamoranda Nos 16, 7 and 18, and are summanzed
helow.  We have also summarized the work e progress, which will be

reporred m future rechnical memotanda
Double Layer Capacrcy of Thollium Amalgam-
- —_ —— — e s — F n ¢ —— - il —_ .-

Measw ements of double layer capacity and zero charge potential
have been made on 10, 30, and 409 thallm smalgams. These resulis
have been compared wih exi=ong verature Jats The regrated capacity
curves agree with [eeranur e values for expernmental electrocapillary curves.
The s tace concencra con al thatliam, at po cunsls where overvoliage
medsnrements have been made 15 one hasl o brece tourths of the bulk
concentratlen  In controsy to tesults 1epor ed wothe hieratute, the double-
layen copaciry of 409 <hathm amalgom shows o dependence on frequency,
within expernmental ¢rvor a the tange trom 0.5 ke o 10 ke. Tlus work was
1eported w detanl in Fechinrcal Memorandom Ne. 16



Measurements have becn made of hvdregen overvohage, m 0.1 M
HC 10

contannng 10. 0 and 40.6 mole percenns shatham  The overvoltage is 20 1o

40 AUtemperatures from 147 1o 69°C, a droppig amalgam electrodes

30 milhvolts lmgher o 409 thalliun smalgam than on mercury.  When
correcrions are made for the effect of the ditfuse doable tayer, the exchange
current for hydrogen disclarge at 25°C 13 10« o decrease by a factor of

2 on going from mercuary o 40% thathwm amalgain.  The temperature
dependence of overvoliage pives an emhalpy ol acnivanion (exrrapolated to
the reversible hydrogen porenttal) ot 22.3 + 0.4, 21.2 + 1.1, and 23,1

+ 0 3 kcal/mole for mercury, 109 thallium amalgam, and 40% thallium
amalgam respectively. Thus, both the overvoliage and the enthalpy of
acuwvanon are hngher on thalbum  amalgames than on mmercury. This work
was reported in detart mm Technical Memorandum No. 17,

FHydrogen Overvoltage on lndiom Amalgams

Hydrogen overvoltage bas been measarod at remperatures from 14°C
1o 66°C, usmg dropping amalgam elecirodes contaming 10,0, 20 0, 40.0, and
63. 0 mole % indium. ‘The enthalpy of acuvation was extrapolated Lo the
teverathle potential, and correcred for the elioc of the diffuse double layer.
For the most concentrated amolgams, 1oas approximalely 1 keal/mole
lower than for mercary.  FPlus change 1= conss ont with the decrease n
overvoliage with mcreaswg adiom contend as cunsiant temperature. Ths
work was reported o devarl i Fechmcal Memoranduin No. 18

Invertacaal Tension of ludwim Amalgams

A method has been developed 1o detcrmiorng arerfacial tension by
Dering o theorenical amve “o Fo expernnen slly niwaaw ed shape of a
seastle diop A compater program is n=ed ‘o genergte solunions to the
non tinewr Jillerennal equanon descerihing the grop shape.  Absolute measure-
men = ot pietfacial vension tor amalgaims coamnmg up to 04 mole 9§ indium
werc made i 01 M HCI0, o 25°C. These were combmed with previously



L)
measured values of Zzeny Chaspe porencials and antlicronnal capacily, Lo
generate 4 tanuly ol elecurocapdtary curves From which the surface excess
wug calculated using the Gibhs cgquatron,  Fho suitace excess s negative,
and passes through g maxunein negatve salac ot apprexnnately 20 mote 9
mdium. The parameters ol the hydrogen evolut on reacnon on indium
amalgarag correlate witly he batk elesoome properues of the smalgams,
but not with the solace composioion. Phis ks summarnized in Technical
Memorandum No. 19, whiach will be wssued o, o7, 1965,

t yl
Adsorpiton of tlons o Indiom A|1mlg_um.~;

Measurements have beon made ol Jhe zero charge potential and
Jouble layetr capacify oo indimim amalgams e fluonide solunions.  These
resul's have been compared with o previous measurcments in perchloric
acid (I'cchmcal Memovandum: No, 15). ‘Phe speailac adsorpuion of these
1ons depends serongly on the Concentranton of indim o the amalgam,  In
conirdst Lo mercutry, She theande won s mose strongly adsorbed than s
the perchicrawe o) s ference 15 greaaese. of thie leghese indium con-
centranons,  CThese doa ace presenly homg aualyzed n detail, When
measuraments of mwertocial wnsion i flaor e solunons lave been completed,

this work wioll be sumumar tzed 'noa tectimcal emarandinm,
Fledcromie Work Fone oo of Ledom Analganns

e of the masr ynpe: can electvonie propesties of an electrode in
1es nfluence on elecsacatalysts 12 the clesfsronie work fancuon.  1For thirey
vears, elecirochennse= P ove asod g corrcbston betweep 2o o charge
peteniital and work tascoon wbach s basod on dose which may be tn error
by more shan (L 1 vl I e radinm metcury sys o otlers the possibilivy
ol exdmiping s rets s w D andecntas y o1 ¢ 00005 vobs over a patennial
range al eear ly 0.5 vl owhichoas hall the soocasible sange of wol k [uncrions,
From tfas cedotton, imlozing: v i be obeg ced abour <he orrentation of
W e culés ke elo s rmde whecirolyre anoestace, o factor which is

Very amportant i determneeg the pate ol dle sroviatalynie reactions,



Pretmmman y expe:nnenis usiy, the wontzauon imethod for determining
the contact porential ditfereace between mercary and the amalgams indicated
that super hiciat oxide £lms mass be conmipletely ehmimared 1n order 1o
obtaln accurdle mea=zurements.  Because of addironal uncerrainties due o
short rerm changes 1 the work funcuion ol the reference electrode used
10 the contacl poleniial mcasurement, dand the necessity in any case for
coustrucung a hagh-vacuam systeimn o preveor oxide formation, we have
decided o measure the wark tuncuon phoroele rically. The main advantage

of this techmqgue 1s thas - s an absolute measurciment.,

The vacoum sy=2wem tor preparing the aimalgams and for measuring
he photocurrent has been batds and tested.  Bo) systems can be evacuated
=0 10 : corr 1n about three bours with no bakeour. A 1000 w mercury-
Zenon lamp, togerher wirth a guarrz monochromaior, will provide the
luninacion. The hght nrensiy will be moniored by a photo-mulupher,
calibrated widh a thernop:le, and the photocurrent will be measured using
an electrometer with a sensiuvity of 10 13 amp. By prepaving the amalgams
vinder a high vacuum, and by gercternng the rasidual oxygen in the sysiem
hefore medsurements, o <boculd be possible o mamtam an oxygen-iree sut -
face Ior sufhicient tnine o measvie the phozo carrent over a range of viave-
lengzhs. From this dava, ar absolue value of the work funcuion can be

caliulated for each of @ wories ot mdinin amalgaims,



1. TECHNICAL MEMORANDA AND PUBLICATIONS

Of the memoranda listed in the previous semi-annval report, 1he
following have appeared in print:

1. "Surface Oxidation of Gold”", by §. B. Brummer and A, C
Makrides; ). Electrochem.Soc. 111, 1122 -1128 (1964) (Tech. Mem. No 6)

2. "Hydrogen Evolution at a Dropping Indium Amalgam Elecirode”,
by J. N. Butler and A. C. Makrides, Trans. | «raday Soc., 60, 1664 1676
(1964) (Tech. Mem. No. 10)

3. "llydrogen Evolution at a Solid Indium Electrode', by J. N. Butler
and M. Dicnst, J. Electrochem. Soc., 112, 226-232 (1965) (T'ech. Mem. No. 11)

4. "The Use of Large Anodic Galvanostatic Transients to Evaluate
the Maximum Adsorption on Prfrom HCOOH Solutions”, by S. B. Brummer,
J. Phys. Chem. 69, 562-571 (1965) (Tech. Mem. No. 13)

Thus, all Technical Memoranda through No. 13 have appeared in
print  with the exception of No. 12, which described a computer program
for double layer calculations,

The following have heen accepred for publication, andare in press:

Technical Memorandum No. 14: (a) "Galvanostatic Studies of Carbon
Monoxide Adsorption on Platinum Electrodes™, by S. B. Brummer and
J. 1. Ford, ). Phys. Chem.; (b) "Comparison of Adsorbed Formic Acid
and Carbon Monoxide on Platinum Electrodes", by §. B. Brummer, |. Phys. Chem.

Technical Memorandum No. 15: "The Electrical Double -l.ayer on
Indium Amalgam Elecirodes”, by J. N. Butler, M. L. Meehan, and A. C.
Makrides, ). Electroanal. Chem.

The following Technical Memoranda were 1ssued ducing this report
pertod.

Technical Memorandum No. 16:"The Electrical Double Layer on
Thallium Amalgam LElecrrodes™, by J. N. Butler, accepted by J. Ylectro
anal. Chem.



Technical Memorandum No. 17: "llydrogen Overvoltage at a
Dropping Thallium Amalgam Electrode™, by J. N. Butler, E. A. Barron-
Apps, and M. L. Mcehan, submitted to Trans., Faraday Soc.

Technical Memorandum No. 18: "Temperature Dependence of
Flydrogen Overvoltage on Indium Amalgams,” by J. N. Butler and
M. L. Mechan, submitted to Trans. Faraday Soc.
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